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Abstract 
 Charge carrier transport mechanism in the CdS/CdTe heterojunction with a zinc 
oxide front contact of a ZnO:Al/i-ZnO/CdS/CdTe/Cu/Ni structure has been investigated 
in the temperature range of 100-373K. It has been found that at forward biases the 
charge carrier transport mechanism is determined by tunneling through charge states 
related to dislocations. An estimation of the concentration of dislocations gives a value 
of 2.9102 cm-2. 
 At reverse biases higher than 0.7 V, the charge transport mechanism is 
determined by tunneling processes. The leakage current component is predominant for 
reverse voltages lower than 0.4 V. 
 
Keywords 
Solar cells, CdS, CdTe, heterojunction, charge transport mechanism 
 
*Manuscript
Click here to view linked References
 2 
1. Introduction 
 Being known for a long time as a highly perspective material for solar energy 
conversion, cadmium telluride (CdTe) [1] and related heterojunctions still remain 
currently in the focus of research for highly efficient photovoltaic (PV) devices [2]. 
Among aspects that can advance the research in the field of CdTe based photovoltaics, 
one can mention the choice of an appropriate transparent conductive oxide (TCO). ZnO 
is one of the most appropriate TCO candidates for these purposes. The PV parameters 
of the solar cells prepared so far with ZnO layers could be considered as promising [3]. 
An efficiency of 14% was achieved for CdS/CdTe solar cells with an Al doped ZnO 
(ZnO:Al) front contact [4]. One of the challenging issues for devices based on CdTe is 
the control of the charge carrier transport mechanism through the heterojunction. 
 This paper presents an analysis of current flow mechanism in a ZnO:Al/i-
ZnO/CdS/CdTe photovoltaic device at different temperatures. 
 
2. Experimental details 
 CdS deposited either onto ZnO:Al or onto i-ZnO:Al/ZnO:Al bilayers by hot-
wall deposition or by close spaced sublimation have been used as substrates for the 
deposition of CdTe absorber to complete the ZnO/CdS/CdTe solar cell device structure. 
Two types of TCO have been used for device manufacturing. The type I TCO consisted 
of a RF sputtered bilayer structure formed by a 90-nm thick intrinsic i-ZnO and by a 
400-nm thick highly Al-doped ZnO (ZnO:Al). Type II TCO consisted of a single layer 
of a highly Al doped ZnO (400-500 nm thick) only. The optical transmission of ZnO:Al 
layers in the visible wavelength range was 85%. 
 The CdS and CdTe deposition processes and equipment have been presented in 
Ref 5. The analysis of the deposition parameters (especially of the substrate 
temperature) allowed to determine the optimum substrate temperatures as follows: 320-
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450°C for the CdS deposition and 370-450°C for the CdTe deposition. The optimum 
evaporation source temperatures were determined elsewhere [5]. The combination of 
the optimum substrate and source temperatures allowed to prepare best efficient solar 
cell devices. 
 CdTe deposition has been followed by a conventional for this material annealing 
in the presence of CdCl2 [6] at 390-410°C. Br-methanol etching has been used before 
back contact deposition. Cu (4 nm) and Ni (120 nm) have been successively deposited 
onto CdTe as back contacts. 
 The PV parameters of the investigated ZnO:Al/i-ZnO/CdS/CdTe/Cu/Ni solar 
cells are: short-circuit current Jsc=17.46 mA/cm
2
, open circuit voltage Uoc=0.70, fill 
factor ff=0.49 and efficiency =6.00% under AM1.5 (100 mW/cm2, 25°C) conditions. 
 The current-voltage dependencies of ZnO:Al/i-ZnO/CdS/CdTe/Cu/Ni structures 
have been studied by using the Keithley 4200 SCS system equipped with Keithley 
4200-PA PreAmp. The heterojunctions area for the analyzed samples varied from 0.5 
cm
2




3. Results and discussion 
 The perceptiveness of the ZnO:Al used in this work as TCO has been confirmed 
by the analysis of the external quantum efficiency plot in Fig. 1. An extension of 
spectral response in the 350-500 nm spectral region became possible while using both 
ZnO:Al and i-ZnO/ZnO:Al TCO as front contacts in combination with CdS thin films of 
reduced thicknesses. 
 The current-voltage dependencies have been studied in the temperature range of 
100-373K and under various illumination conditions. The I-U plots show highly 




 at 1 V. The charge 
current flow mechanism is temperature dependent. Due to the fact that the CdS/CdTe 
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heterojunctions with type I and type II TCO have shown similar charge carrier transport 
mechanism, a detailed analysis will be given for heterojunction with type I TCO only. 
3.1 Forward bias As one can see from Fig. 2, the current voltage 
dependencies contain two slopes: the slope I between 0.1 and 0.4 V and the slope II 
between 0.5 and 0.75 V (the heterojunction area for the analyzed samples was 0.5 cm
2
). 
The built-in potential has a linear temperature dependence, its tangent being equal to -
2.52·10
-3
 V/K. The analysis of the forward current and of the saturation current 
temperature dependence clearly suggested that the most probable charge carrier 
transport mechanism is determined by tunneling processes. As one can see from Fig. 3, 
there are two slopes in the direct current temperature dependence for each bias. One can 
notice that the slopes’ intersection is shifting towards higher temperatures as the bias 
drops down to 0.2 V. These observations could be explained by considering that at high 
temperatures the tunneling mechanism is assisted by an additional one. A general 
analytical formula for the I-U plot can be presented as: 
 
    AUBTII expexp
0f
  (1) 
 
However, in order to achieve an appropriate fit of the experimental data, a model which 
has been previously applied for the evaluation of the SnO2/CdS/CdTe heterojunction [7] 
will be used for the analysis of the ZnO:Al/CdS/CdTe heterojunction investigated in 
this work. The theory and the model for tunneling in heterojunctions have been 
described thoroughly in Refs. 8 and 9. The model considers that tunneling takes place 
through dislocations which are present in the space charge region. The forward current 























where  - is the characteristic energy. One can underline that in the   vs. T dependence 
three slopes are present and it is a linear one with a tangent of -0.2·10
-3
 eV/K for the 
temperature interval of 230-300K and extrapolation of to T=0K gives a value of 
 =830 meV. The latter value is several times larger than the one reported for 
CdS/CdTe heterojunction deposited on SnO2. For temperatures up to 373K the 0 =150 
meV. It is considered that the tunneling processes through different defects 
(dislocations) are taking place at different temperatures (defect activeness varies at 
different temperatures). The concentration of dislocations can be estimated by using 
respective formulas from the Ref. 8. For the analyzed samples a value of 2.9102 cm-2 
has been determined. 
3.2 Reverse bias The I-U temperature dependence at reverse biases in 
double logarithmic scale is given in Fig. 4. The dependence can be approximated by a 
power function with an exponent mi where i is the slope number. One can observe 
basically two slopes for each temperature. The first one is related to the interval of 0.05-
0.4 V, where the m values vary between 0.79 (368K) and 1.3 (188K). It is considered 
that for this voltage range the leakage currents dominate. For the reverse biases between 
0.75 V and 1.6 V the m parameter reaches 1.86. For the voltage interval of 0.75-1.6 V 
the reverse current temperature dependence at fixed bias was analyzed. As one can see 
from Fig. 5 in this case the charge carrier transport might be of tunneling origin 
(considering current vs. T dependence and I-U is an exponential function). A previously 
described model in Ref. 10 has been used to analytically calculate the number of 














ln , (3) 
 
where: the  - is the number of tunneling steps, 
r
E - is the barrier height corresponding 


















ln  plot allows a direct  calculation at 
different T (Fig. 6). 
 The concentration of traps Nt involved in the tunneling processes (Table 1) is 
given in [10] by formula: 
 












where: a – is the lattice constant, h – Planck’s constant, UD – built-in voltage. 
 
4. Concluding remarks 
 In summary, differences between current transport mechanisms in solar cell 
devices prepared with various TCOs at different substrate temperatures have been 
investigated. The analysis of the charge transport mechanism shows that the use of ZnO 
window layers for the preparation of CdS/CdTe solar cells results in the formation of 
device structures with reduced concentration of dislocation related defects. The 
concentration of the latter defects is by three orders of magnitude lower when compared 
to previously published results on devices with SnO2/CdS/CdTe heterostructures [7]. 
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Figure 1 External quantum efficiency of solar cells prepared on different substrates: 
 
ITO1a – ITO/CdS/CdTe/Metal 
SNO5a – SnO2/CdS/CdTe/Metal 
IZALV1a – ZnO:Al/i-ZnO/CdS/CdTe/Metal 
ZALHT2a – ZnO:Al/CdS/CdTe/Metal 
ZALV9a – ZnO:Al/CdS/CdTe/Metal. 
 
 
Figure 2 The I-U curves of a Glass/ZnO:Al/i-ZnO/CdS/CdTe/Cu/Ni solar cell 
measured in the temperature range between 108 K and 368 K with the step of 10 K.  
 
 
Figure 3 The forward current temperature dependence at different biases for a 
Glass/ZnO:Al/i-ZnO/CdS/CdTe/Cu/Ni solar cell. 
 
 
Figure 4 The reverse current vs. voltage curves of a ZnO:Al/i-ZnO/CdS/CdTe/Cu/Ni 
solar cell measured at temperatures as in Fig. 2. 
 
 
Figure 5 Reverse current vs. temperature curves of a Glass/ZnO:Al/i-
ZnO/CdS/CdTe/Cu/Ni solar cell at different voltages. 
 
 


















ln  at selected temperatures for a Glass/ZnO:Al/i-




The concentration of defects (traps) Nt and tunneling steps   at different temperatures 
 




   
168 1.14 95 
188 0.98 85 
208 0.97 80 
258 0.56 58 
368 20.97 18 
 
Table 1
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